Background: Androgen receptor (AR) inactivation causes telomere dysfunction. Results: AR-inactivation-induced telomere dysfunction led to the activation of ATM at telomeres, and ATM inhibition blocked repair of damaged telomeric DNA and augmented cell death. Conclusion: ATM promotes survival of AR-inactivated prostate cancer cells with telomere dysfunction. Significance: ATM inhibitors may potentiate the efficacy of AR-targeted therapies for the treatment of prostate cancer.
androgen-deprivation therapy (ADT) has been the mainstay for the treatment of advanced prostate cancer for over seven decades. However, ADT is not curative; although the disease regresses initially in response to ADT, it eventually progresses to castration-resistant prostate cancer (CRPC) in nearly all patients (2) . Therefore, there is an urgent need for novel therapeutic strategies for the treatment of prostate cancer. Our studies point to a novel role of AR in telomere stability (3, 4) that may be harnessed to potentiate the efficacy of currently available AR-targeted therapies for a more effective treatment of prostate cancer.
Telomeres are ribonucleoprotein structures that prevent chromosome ends from being detected as lesions, masking them from constitutive exposure to the DNA damage response (DDR) machinery. Telomeres contain six core proteins, viz., TRF1, TRF2, Rap1, TIN2, POT1, and TPP1, in a complex termed shelterin, whose structural integrity is critical for telomere stability (5) . In addition to shelterin, an array of accessory proteins that play a role in DDR signaling (e.g. Mre11 complex, 9-1-1 complex, RAD51, BRCA2), DNA repair (e.g. Ku70/ 80, XPF/ERCC1, Apollo) or DNA replication (e.g. CTC1-STN1-TEN1 complex, Origin Recognition Complex, RecQ helicase, POLA1/p180, POLA2/p68) are associated with telomeres to ensure timely repair and replication of telomere DNA during the cell cycle (5) . In these roles, accessory proteins are only transiently associated with telomeres, whereas shelterin proteins are present at telomeres throughout the cell cycle (5) . We recently reported that AR itself is an accessory protein associated with telomeres in prostate cancer cells; AR chromatin immunoprecipitate prepared using AR antibodies (AR-ChIP) contains telomeric DNA, telomeric chromatin isolated using a protocol called "proteomics of isolated chromatin" (PICh) (6) contains AR, and AR immunoprecipitates and colocalizes with telomeric proteins in LNCaP cells (3, 4) . A functional role of AR in telomere stability is indicated from the observations that (a) AR inactivation by androgen-depletion, treatment with antiandrogens such as bicalutamide (Casodex) or MDV3100 (Enzalutamide), or treatment with AR-siRNA results in telomere dysfunction, and (b) the synthetic androgen R1881 blocks androgen depletion-mediated telomere dysfunction (3, 4) .
Telomere dysfunction represents telomeric DNA damage that triggers DNA damage response (DDR) signaling to activate ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3 related) kinases, which in turn activate cell cycle checkpoints that lead to (a) inhibition of cell cycle progression, (b) repair of damaged telomeric DNA, and (c) resumption of cell cycle progression and cell survival (7, 8) . In this process, cells are prone to the formation of aberrant telomeres, such as telomere breakages, telomere deletions and sister chromatid telomere fusions, that push cells into breakage-fusion-bridge cycles, resulting in unequal distribution of genetic material to daughter cells and, thereby, genome instability (9) . Genomic instability is a salient feature of cancers (10, 11) and it underlies the biological differences between indolent and aggressive prostate cancers (12) . In patients with prostate cancer, genomic instability due to telomere shortening is reported to be associated with worse prognosis (13) . Interestingly, telomere aberrations of the kind seen in TRF1-or TRF2-deficient cells with telomere dysfunction (14, 15) are also seen in AR-inactivated prostate cancer cells (4) . However, it is not known whether AR inactivation-induced telomere dysfunction triggers activation of DDR signaling pathways that promote survival of AR inactivated prostate cancer cells.
ATM is one of the major DDR signaling pathways activated in cells with dysfunctional telomeres (5, 16) . ATM is principally activated following DNA double-strand breaks (DSBs) through autophosphorylation of its serine 1981 (17) ; this leads to the phosphorylation of multiple downstream proteins such as H2AX, p53, Chk2, BRCA1, NBS1, and SMC1 involved in DNA damage recognition, cell cycle checkpoint activation, DNA repair and, under some circumstances, apoptosis (18) . ATM stimulated cell cycle checkpoint activation causes G 2 arrest, which is believed to provide time needed to repair damaged DNA before mitotic cell division. Thus, ATM activation can provide a survival advantage to cells with DSBs, such as those caused by ionizing radiation and genotoxic agents. Interestingly, the ATM protein level is reported to be higher in prostate cancer cells than in normal tissues (19) and ATM is highly activated in prostatatic intraepithelial neoplasia (PIN), which is regarded as a precursor of prostate cancer (20) . These reports raise an intriguing possibility that the presence of high ATM protein levels may have an important role in the maintenance of the shortened telomeres commonly found in prostate cancer cells (21) . However, whether ATM plays a role in survival of AR-inactivated prostate cancer cells that have damaged telomeric DNA is not known.
We investigated the status of ATM and its downstream targets in androgen-sensitive LNCaP and castration-resistant 22Rv1 cells subjected to AR-inactivation-induced telomere dysfunction. Our studies show that telomere dysfunction in AR-inactivated or AR-knockdown cells is associated with activation (phosphorylation) of ATM and its downstream target Chk2, and that the inhibition of ATM abrogates G 2 arrest, suppresses repair of damaged telomeric DNA, and sensitizes both LNCaP and 22Rv1 cells to AR-inactivation-induced cell death.
Thus these studies demonstrate for the first time that inhibitors of DDR signaling pathways potentiate the efficacy AR-targeted therapies for an effective treatment of prostate cancer.
Experimental Procedures
Cell Culture-LNCaP and 22Rv1 cells purchased from ATCC were grown in RPMI (Gibco BRL) containing 10% fetal bovine serum (FBS), 2.5 mM glutamine, 100 g/ml streptomycin and 100 U/ml penicillin (complete medium). Exponentially growing cells, in complete medium, were treated with or without 10 -50 M bicalutamide (Casodex from LKT Laboratories, MN) or 3-10 M MDV3100 (Selleck Chemicals, TX) to inhibit AR activity. For AR knockdown, exponentially growing LNCaP cells (1.0 -2.0 ϫ 10 5 cells/well of a 6-well plate) were transfected with 200 pmol of AR-siRNA (Sc-29204, Santa Cruz Biotechnology) or scrambled-siRNA (Santa Cruz Biotechnology) using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Cells were processed 36 h later for immunofluorescence staining or Western blotting.
Indirect Immunofluorescence-The immunofluorescent staining of cells grown on glass slides was performed as described (22) . Cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and incubated at 4°C overnight with antibodies against TIN2 (22) , 53BP1 (Abcam), ␥H2AX (i.e. phosphorylated-H2AX) (Upstate), p-ATM (Mouse, Cell Signaling), RPA 32 (Ab-1, Calbiochem), or RPA 70 (C21, Santa Cruz Biotechnology). RPA and 53BP1 or RPA and ␥H2AX co-staining was performed as described by Mirzoeva and Petrini (23) . Cells were then washed and stained with goatanti-rabbit-FITC and/or goat-anti-mouse-Texas Red (Molecular Probes) secondary antibodies for double-immunostaining. For triple-immunostaining, cells were stained with donkeyanti-rabbit Alexa fluor 488, donkey-anti-mouse Alexa fluor 594, and donkey-anti-goat Alexa fluor 350 (Molecular Probes) secondary antibodies. Images of cells were acquired on an LSM-410 confocal microscope (Zeiss).
Telomere dysfunction-induced activation of DDR signaling pathways leads to the recruitment of 53BP1 to, and phosphorylation of H2AX at, telomeres. Therefore, cells containing immunofluorescent foci of 53BP1 and phosphorylated H2AX (␥H2AX) colocalized with telomeric protein TIN2, which are referred to as telomere-dysfunction induced foci (TIF), were scored as a measure of DNA damage response as described previously (3, 4) . Individual cells with Ͼ5 53BP1 or ␥H2AX foci were considered as being TIF response-positive.
Cell Extracts and Western Blotting-Cells were digested with trypsin, washed with PBS and suspended in Buffer A (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 0.1% Triton X-100, 5 mM EDTA, 50 mM NaF, and 0.1 mM Na 3 VO 4 ) supplemented with protease inhibitor mixture (P-8340, Sigma) as described (24) . Cells were then subjected twice to 30 pulses of sonication with a Branson Sonifier 250 set at output control 2 and duty cycle 20, with intermittent cooling on ice. The sonicated cell extract was cleared by centrifugation in an Eppendorf centrifuge at 12,500 rpm for 10 min. For Western blotting, membranes were probed with antibodies against AR (AR-N20, Santa Cruz Biotechnology), p-ATM (Cell Signaling Biotechnology), ATM (2C1, Santa Cruz Biotechnology), p-Chk2 (Cell Signaling), Chk2 (Cell Sig-naling), p-ATR (Cell Signaling), ATR (N19, Santa Cruz), p-Chk1 (Cell Signaling), Chk1(G4, Santa Cruz), ␤-actin (I-19, Santa Cruz Biotechnology), or GAPDH (AB2302, Millipore). Immunoreactive bands were developed using horseradish peroxidase-conjugated secondary antibodies and SuperSignal WestPico chemiluminescent substrate (Pierce), and visualized using x-ray film.
Real-time qPCR-Total RNA was prepared as described (24) . RNA was reverse transcribed using random hexamers and oligo (dT) primer and Transcriptor Reverse Transcriptase (Roche Applied Science) according to the manufacturer's instructions. Real-time qPCR was performed on the Applied Biosystems 7500 Fast Real Time PCR system using the TaqMan Universal Master Mix II with UNG (Applied Biosystems). Cycling was performed using default conditions of the 7900HT Software (Applied Biosystems); 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. The relative quantitative expression of hTERT was calculated using 18S rRNA as the internal control. All real-time qPCR assays were carried out using four technical replicates and two independent cDNA preparations. Primers for hTERT (Assay ID: Hs00972656_m1) and 18S RNA (Assay ID: Hs03928990_g1) were from Applied Biosystems.
Fluorescence in Situ Hybridization (FISH) of Telomeres (Tel-FISH)-Telomeres were visualized by fluorescence in situ hybridization of metaphase chromosome spreads using a telomeric protein nucleic acid (PNA) probe, as described (25) . LNCaP cells were treated with 50 M Casodex for 24 h, then washed in medium without Casodex, and incubated overnight at 37°C in medium containing colcemid (0.1 g/ml, Sigma). Cells were trypsinized and collected by centrifugation at 1000 ϫ g (8 min). After hypotonic swelling in 0.075 mM KCl for 25 min at 37°C, cells were fixed in methanol:acetic acid (3:1) and dropped onto glass slides held at an angle to prepare metaphase spreads. Tel-FISH of metaphase chromosomes was performed as described (25) , using a Cy3-OO-(CCCTAA) 3 -peptide nucleic acid (PNA) probe (Panagene).
Colony Formation Assay-This procedure is essentially as described by Guzman et al. (26) . Exponentially growing cells (0.5-1.0 ϫ 10 4 cells/well of a 6-well plate) were treated with 0, 10, 25, or 50 M Casodex in the presence or absence of 2 M KU-60019 for 24 h, then washed to remove drugs and allowed to grow for 10 -14 days, then fixed and stained with 0.01% crystal violet (27) . The areas of stained surviving cells in each plate were photographed and measured using the ImageJ program (26) . The survival fraction was plotted relative to control (vehicle).
FACS Analysis-LNCaP cells (1 ϫ 10 6 ) treated with Casodex (50 M) and/or KU-60019 (2 M) for 24 h were collected, washed in PBS, and fixed in ice-cold 70% ethanol for at least 24 h. Cells recovered by centrifugation were resuspended in PBS containing 0.1% (v/v) Triton X-100 and 1 g/ml DAPI (Molecular Probes, Inc.) for 10 min. The samples were then subjected to flow cytometry using BD LSRII (BD Biosciences) at the Cytometry Resources Core, Wayne State University School of Medicine. Flow cytometry data were analyzed with ModFit LT v4.0.5 (Verity, Topsham, ME) software.
Statistics-Data are presented as mean Ϯ S.D. of three or more independent experiments. Statistical significance was calculated using the two-tailed Student's t test, using GraphPad Prism Software. A p value of Ͻ0.05 was considered significant.
Results
AR Inactivation-induced Telomere Dysfunction Triggers DDR at Telomeres-DNA damage is marked by the phosphorylation of histone H2AX (␥-H2AX) at the sites of damaged DNA (28) , and colocalization of ␥-H2AX and TIN2 (a shelterin protein unique to telomeres (22) ) indicates telomere DNA damage (4, 29) . Fig. 1A shows representative micrographs of cells with TIN2 and ␥-H2AX colocalization in control and Casodex treated cultures. As shown in Fig. 1B , there was a 2-3fold increase in the percentage of cells with TIN2 and ␥-H2AX colocalization foci, which is referred to as telomere-dysfunction-induced foci (TIF) response (28), within 10 h of treatment with AR-antagonist Casodex, at a pharmacologically relevant concentration (30), compared with controls ( Fig. 1B, top panel) . Notably, although AR has been reported to regulate the expression of telomerase (31, 32) , under conditions in which Casodex induced telomere dysfunction (TIF response), we found no significant decrease in expression of hTERT, which encodes the catalytic subunit of telomerase as determined by real time qPCR (Fig. 1B, bottom panel) . This observation rules out the possibility that telomere dysfunction in AR-inactivated cells is due to down-regulation of telomerase in AR-inactivated LNCaP cells.
Since telomere dysfunction activates ATM kinase (16) , and activated ATM kinase phosphorylates histone H2AX at telomeres, we tested whether Casodex-induced telomere dysfunction results in activation (phosphorylation) of ATM kinase. Indeed, within 6 h of treatment with Casodex, ATM kinase was activated, as shown by an increase in phosphorylation of ATM at serine 1981 (Fig. 1C ). The AR-antagonist MDV3100 (33) , which also induces a TIF response (4), also induced phosphorylation of ATM ( Fig. 1D ). This effect was abrogated by the addition of R1881, a synthetic androgen, indicating that the effect of MDV3100 on ATM phosphorylation was due to AR antagonism and not a nonspecific toxic effect ( Fig. 1D ).
To provide direct evidence for a role of AR-inactivation in activation of ATM, we used AR-siRNA to suppress AR expression in LNCaP cells. Transfection of cells with AR-siRNA reduced the AR protein level by ϳ80%, compared with control transfection with scrambled (SC)-siRNA ( Fig. 1E ), and the decrease in AR protein was associated with an increase in ATM phosphorylation, compared with SC-siRNA controls; this indicates that AR-inactivation is responsible for activation of ATM.
Activation of ATM kinase by AR inactivation in prostate cancer cells appears to activate ATM-mediated DDR signaling, based on the finding that ATM-downstream-target Chk2 was also activated (as indicated by Chk2 phosphorylation at T68), as shown in Fig. 1C and 1E . Notably, telomere dysfunction and the activation of ATM kinase by AR inactivation also occurs in AR-positive castration-resistant 22Rv1 cells ( Fig. 1F ) that are resistant to the growth inhibitory effect of AR antagonists such as Casodex (34) . This suggests that telomere dysfunction and FIGURE 1. AR-inactivation-induced telomere dysfunction triggers the activation of DNA damage response at telomeres. A, AR-inactivation causes DNA damage at telomeres: Exponentially growing LNCaP cells were treated with 50 M Casodex for 6 h, fixed, and subjected to immunostaining using antibodies against ␥-H2AX (green), a marker of DNA double strand breaks, and TIN2 (red), a telomeric protein. Foci with ␥-H2AX and TIN2 colocalization (indicated by yellow arrows) are shown in the merge panel. Insets show representative cells in which TIN2 is colocalized with ␥-H2AX (Casodex treated) or not (control) at a higher magnification (ϫ1000). B, Casodex induces TIF response, a measure of telomere dysfunction, within 10 h of treatment (top panel) and induction of telomere dysfunction is not due to a decrease in telomerase (bottom panel). Top: LNCaP cells treated with 50 M Casodex for 0, 3, and 10 h were immunostained using antibodies to ␥-H2AX and TIN2 and assessed for TIF response by scoring the percentage of cells with Ͼ5 foci of colocalized ␥-H2AX and TIN2. ϳ80 cells in each treatment group were scored in three separate experiments as described (4) . Error bars represent mean Ϯ S.D., n ϭ 3. Bottom: total RNA was isolated from similarly treated parallel cultures described above and relative hTERT mRNA level was measured by real-time qPCR as described under "Experimental Procedures." Error bars represent mean Ϯ S.D., n ϭ 4. *, p Ͻ 0.05; and **, p Ͻ 0.01. C, AR-antagonist Casodex induces phosphorylation of ATM and Chk2 in LNCaP cells. LNCaP cells were treated for the indicated period with 50 M Casodex, cell extracts prepared, and Western blotting performed using p-ATM (S1981), ATM, p-Chk2 (T68), Chk2, and ␤-actin antibodies. ␤-Actin was used as a loading control. The data are representative of two independent experiments. D, AR-antagonist MDV3100 induces ATM activation in LNCaP cells. LNCaP cells were treated with 10 M MDV3100 in the absence or presence of 20 nM R1881, for 24 h. Western blotting of the proteins from 3 independent experiments were performed as described above. *, p Ͻ 0.05. E, AR knockdown induces ATM activation in LNCaP cells. Exponentially growing LNCaP cells were treated with AR-siRNA or scrambled (SC)-siRNA for 36 h. Cell extracts were subjected to Western blotting to confirm knockdown of AR protein and phosphorylation of ATM and ChK2 as described above. F, Casodex induces ATM activation in 22Rv1 cells. Top, 22Rv1 cells treated with 50 M Casodex for 24 h were analyzed for TIF response by scoring the percentage of cells containing Ͼ5 foci of colocalized ␥-H2AX and TIN2. ϳ80 cells in each treatment group were scored in three separate experiments. Error bars are mean Ϯ S.D., n ϭ 3 independent experiments. ***, p Ͻ 0.001. Bottom, 22Rv1 cells treated with 50 M Casodex for 6 h were evaluated for p-ATM, ATM, and ␤-actin as described in Fig. 1C . G, AR-inactivation induces p-ATM localization at telomeres in LNCaP and 22RV1 cells. LNCaP and 22Rv1 cells treated with 50 M Casodex for 6 h were immunostained with antibodies to pATM (red) and TIN2 (green). Colocalization (yellow) of pATM and TIN2 is shown in the merge panels.
the activation of DDR signaling caused by AR inactivation are unrelated to the growth inhibitory effect of AR inactivation.
Finally, since telomere dysfunction in other systems is known to recruit and phosphorylate ATM kinase at telomeres (35), we tested whether this also occurs following AR-inactivation in prostate cancer cells. AR inactivation in LNCaP or 22Rv1 cells treated with Casodex for 6 h indeed caused ATM phosphorylation at telomeres, based on colocalization of pATM and TIN2 antibodies (Fig. 1G , merge panels of Casodex-treated cells). Importantly, almost all of the pATM foci colocalized with TIN2 ( Fig. 1G) , indicating that Casodex-induced DNA damage is confined largely to telomeres and is not genome-wide.
Repair of Casodex-induced Telomere Dysfunction Leads to the Formation of Aberrant Telomeres-Since the activation of DDR signaling gives the cell an opportunity to repair DNA damage before mitosis, we looked for the repair of telomere dysfunction and telomere DNA damage caused by AR inactivation. Since AR inactivation arrests LNCaP cellcycle progression and blocks entry into mitosis (36), we removed Casodex after 24 h treatment to allow the cells to enter S and progress through G 2 /M. Both the Casodex-treated and "Casodex-removed" cells had similar survival fractions ( Fig. 2A) , indicating that cells treated with Casodex for 24 h do not die (24) . Notably, however, the dose-dependent increase in TIF response during 24 h treatment with Casodex decreased from Ͼ55% with 50 M Casodex to Ͻ5% (a basal level) 24 h after the removal of Casodex (Fig.  2B) . Thus, when Casodex was removed from the culture, dysfunctional telomeres appear to be repaired. Therefore, we used Tel-FISH to examine the telomeres of Casodex-removed cells. As reported previously with LNCaP cells (4), 22Rv1 cells also FIGURE 2. Repair of AR-inactivation-induced telomere dysfunction leads to the formation of aberrant telomeres. A and B, cell survival is unaffected by a 24 h Casodex treatment, but Casodex-induced telomere dysfunction is repaired within 24 h after removal of the drug. LNCaP cells were treated with 0, 10, 25, or 50 M Casodex for 24 h, and cells treated with 50 M Casodex were then incubated in medium without Casodex for an additional 6 or 24 h. A, cells stained or not stained with trypan blue were counted using a hemocytometer. The survival fraction was calculated as the percentage of cells not stained by trypan blue; error bars are mean Ϯ S.D., n ϭ 3. ϳ100 cells in each treatment were scored in three separate experiments. B, TIF response was assessed as in Fig. 1B ; error bars are mean Ϯ S.D., n ϭ 3. ϳ80 cells in each treatment group were scored in three separate experiments. C and D, Casodex treatment causes telomere aberrations in AR-positive 22Rv1 prostate cancer cells. 22RV1 cells were treated with or without 50 M Casodex for 24 h. Cells were washed to remove Casodex, and metaphase spreads were prepared and subjected to Tel-FISH, then scored for the percentage of chromosomes with telomere aberrations. Representative images of chromosomes with (a) more than one Tel-FISH signal indicating telomere DNA breakage (white arrows) or absence of a Tel-FISH signal indicating telomere loss (yellow triangle), or (b) a single Tel-FISH signal between two sister chromatids indicating sister telomere fusion (yellow arrow) or a pair of Tel-FISH signals between two connected chromosomes indicating telomere end-to-end fusion (red arrow). The percentage of chromosomes with telomere breakage, telomere loss, sister telomere fusion, or telomere end-to-end fusion was determined by scoring each type of telomere aberration in more than 1700 chromosomes from control or Casodex-treated cells. Error bars are mean Ϯ S.D.; *, p Ͻ 0.05 and ***, p Ͻ 0.001.
exhibited several telomere aberration phenotypes including broken (fragile) telomeres and telomere loss (Fig. 2C) , which occur as a result of homologous recombination (HR) of damaged telomeres (37, 38) , and sister-chromatid telomere fusion and telomere end-to-end fusion (Fig. 2D ), which result from non-homologous end joining (NHEJ) of damaged telomeres (14, 38) . While each of these aberrations was present at a low basal level in control cells, Casodex treatment resulted in a significant increase in telomere breakages and loss (Fig. 2C ) and sister-telomere fusions (Fig. 2D) . Although telomere end-toend fusions also appeared to be noticeably increased, the increase was not statistically significant. Nevertheless, these results suggest activation of both HR and NHEJ pathways to facilitate repair of damaged telomeric DNA in Casodex-treated cells.
ATM Inhibitor Blocks the Activation of ATM Kinase and Repair of Damaged Telomeric DNA in AR-inactivated Cells-Since ATM/ATR inhibition or knockdown has been shown to inhibit the repair of telomere DNA damage caused by the disruption of shelterin components (16), we tested the effect of ATM inhibition in AR-inactivated LNCaP cells by using the ATM-kinase-specific inhibitor KU-60019 (27) . Casodex alone induced ATM phosphorylation, but co-treatment with KU-60019 blocked this effect of Casodex (Fig. 3A) . Interestingly, whereas 24 h treatment with Casodex alone did not kill LNCaP cells ( Fig. 2A ) or cause PARP cleavage (Fig. 3A) , cotreatment with Casodex and KU-60019 for 24 h caused PARP cleavage (Fig. 3A) , a marker of apoptotic cell death; this suggests a role of ATM in survival of cells treated with Casodex for 24 h. We also assessed the effect of KU-60019 on Casodex-induced phosphorylation of H2AX at telomeres. Casodex alone induced phosphorylation of H2AX at telomeres (Fig. 3, B and C) , but co-treatment with Casodex and KU-60019 attenuated this effect (Fig. 3, B and C) . These results indicate that KU-60019 effectively suppresses Casodex-induced activation of ATM kinase at telomeres.
To determine the effect of ATM inhibition on repair of damaged telomeric DNA in AR-inactivated cells, we measured the formation of replication protein A (RPA) foci, which indicate the presence of unrepaired single-stranded DNA (39, 40) , at telomeres. RPA foci at telomeres (see merge panels in Fig. 4, A  and B) were more common in cells co-treated with Casodex and ATM kinase inhibitor KU-60019 than in control cells (treated with Casodex or KU-60019 alone) (Fig. 4, A and B) . In cells co-treated with Casodex and KU-60019, RPA foci colocalized with telomere marker protein TIN2 (Fig. 4A ) and DNA damage marker protein 53BP1 (Fig. 4B ). Triple-immunostaining using antibodies against RPA, 53BP1 and TIN2 revealed colocalization of RPA with both 53BP1 and TIN2 in cells treated with Casodex and KU-60019 ( Fig. 4C , white foci in the "merge" panel of cells treated with Casodex and KU-60019, but not in untreated control cells), indicating the presence of RPA at sites of DNA damage in telomeres. Quantitative analysis showed that cells co-treated with Casodex and ATM inhibitor had a 2-fold increase in RPA and TIN2 colocalization as compared with those treated with Casodex alone and Ͼ5-fold increase as compared with those treated with KU60019 alone (Fig. 4D) . Similarly, there was a 4-fold increase of RPA and OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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53BP1 colocalization in cells co-treated with Casodex and KU60019 as compared with those treated with either Casodex alone or ATM inhibitor alone (Fig. 4D) . Thus, combined treatment with Casodex plus ATM inhibitor leads to a sustained accumulation of RPA at telomeres, indicating failure to repair damaged telomeric DNA. In addition, cells treated with Casodex plus ATM inhibitor did not show a decreased TIF response relative to Casodex alone, indicating that dysfunctional telomeres caused by Casodex remain unrepaired (Fig. 4D) .
ATM Inhibitor Augments AR Inactivation-mediated Cell Death-Since ATM activation usually involves activation of the G 1 checkpoint to allow repair of damaged telomeric DNA (41), we evaluated the effect of AR inactivation on cell cycle checkpoint activation in LNCaP cells. We examined the cell cycle profile of LNCaP cells treated with Casodex in the presence or absence of KU60019 for 24 h. Surprisingly, Casodex caused a 3-fold increase in the percentage of cells in G 2 phase (21%), as compared with controls (7%) (Fig. 5, A and B) , indicating activation of the G 2 /M checkpoint. Since G 2 /M checkpoint activation is usually mediated by ATR and Chk1 (42), we tested whether Casodex treatment leads to the activation of ATR and Chk1 also. As shown in Fig. 5C , both ATR and Chk1 were phosphorylated (activated) within 6 h of treatment with Casodex, validating G 2 /M checkpoint activation. As Casodex also activates ATM and Chk2 phosphorylation (Fig. 1C) , which are markers of G 1 checkpoint activation (41) , our data suggests that G 2 arrest in Casodex-treated cells is both ATM-and ATR-dependent. Notably, G 2 /M checkpoint activation by Casodex treatment was abrogated by co-treatment with the ATM inhibitor KU-60019, as Casodex ϩ KU-60019 reduced the percentage of cells in G 2 phase from 21% to less than 1% (Fig. 5 ). This suggests that the activation of ATR and Chk1 is downstream of ATM activation in Casodex-treated cells (42) .
ATM inhibitor decreased the G 2 fraction of Casodex-treated cells and concomitantly increased the fraction of cells with sub-G 1 DNA content, which represent dead cells (see Fig. 5 ). Thus, ATM inhibitor abrogated the G 2 arrest of Casodextreated cells and led to cell death. As ATM inhibitor had little effect on the sub-G 1 fraction of untreated cells, the effect on Casodex-treated cells suggests that ATM inhibitor allowed cells with Casodex-induced telomere DNA damage to bypass the G 2 /M checkpoint and enter mitosis prematurely without undergoing DNA repair. As failure to repair DNA damage can lead to cell death (7, 8) , we infer that Casodex treatment caused telomere dysfunction, telomere DNA damage and activation of the G 2 /M checkpoint, and that by abrogating this checkpoint, cells accumulate catastrophic telomere loss and undergo cell death (7) .
To further assess the effect of ATM inhibition on the death of AR-inactivated LNCaP cells, we measured cell survival using a clonogenic assay design in which cells were treated for 24 h, then washed and allowed to grow for 14 days. Instead of counting colonies as a measure of the percentage of cells that survived the initial treatment, and measuring colony size as a measure of proliferation of the surviving cells, we used the intensityweighted colony area percentage (26) as a measure of total cell survival. Using this approach, the survival fraction following 24 h treatment with Casodex alone was 75% (Fig. 6, A and B ; p ϭ 0.02 compared with no treatment). This likely represents an effect on both colony number and colony size, as we have found in other experiments (not shown) that Casodex treatment decreases both the number of colonies and the size of some surviving colonies. By contrast, the survival fraction following co-treatment with Casodex and KU-60019 was 5% (Fig. 6, A and  B) . These data are consistent with our observations that cotreatment with Casodex and ATM inhibitor KU-60019 induced PARP cleavage (Fig. 3A) and increased the fraction of cells with sub-G 1 DNA content (Fig. 5) , and together support the conclu- OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 25529 sion that ATM inhibitor potentiates the ability of Casodex to kill prostate cancer cells.
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It is notable that 22Rv1 cells, which are resistant to the growth inhibitory effect of Casodex but nonetheless exhibit a TIF response to Casodex, became sensitive to cell killing by Casodex in the added presence of ATM inhibitor (Fig. 6, C and  D) . Thus, the effect of ATM inhibition in killing Casodextreated cells is not unique to androgen-sensitive LNCaP cells, and therefore may have its greatest application in the treatment of drug-resistant disease. However, even sustained treatment of Casodex-sensitive cells with Casodex alone may not be 100% effective, so co-treatment with Casodex and ATM inhibitor may be better than Casodex alone even for androgen-sensitive disease.
Collectively, these results suggest that ATM inhibitor KU-60019 blocks Casodex-induced DDR signaling, leaving damaged telomeric DNA unrepaired in Casodex-treated cells, preventing checkpoint activation and, thereby, allowing both androgen-sensitive LNCaP and castration-resistant 22Rv1 cells to enter mitosis with too much telomeric DNA damage to sustain survival.
Discussion
DDR signaling pathways can enable tumor cells to survive DNA damage that is induced by chemotherapeutic treatments; therefore, inhibitors of specific DDR pathways prove efficacious when used in combination with DNA-damaging chemo-therapeutic drugs (7) . In the present study, we demonstrated that 1) the induction of telomere dysfunction in cells treated with AR-antagonists (Casodex or MDV3100) or AR-siRNA is associated with a dramatic increase in phosphorylation of ATM and Chk2 and the presence of phosphorylated ATM at telomeres, indicating that AR inactivation leads to the activation of ATM DDR signaling pathways at telomeres, and that 2) ATM inhibition enhances the death of AR-inactivated prostate cancer cells by blocking the repair of AR-inactivation-induced dysfunctional telomeres in androgen-sensitive (LNCaP) and castration-resistant (22Rv1) prostate cancer cells. Thus, these studies demonstrate for the first time that the role of AR in telomere stability can be exploited to augment the potency of currently available AR-targeted therapies for the treatment of prostate cancer.
We have shown previously that AR plays an important role in maintaining telomere stability through its interaction with shelterin proteins, viz., TRF-1, TRF-2, and TIN-2, and that the disruption of these interactions in AR-inactivated cells leads to telomere dysfunction (3, 4) . However, since AR is implicated to regulate the expression of telomerase (31, 32) , which is required for maintaining telomere length during each cell division cycle, and since telomere shortening in telomerase-deficient cells can also lead to telomere dysfunction (35) , we evaluated whether telomere dysfunction observed in AR-inactivated cells may have resulted from telomerase down-regulation. Our studies show no noticeable change in expression of telomerase catalytic subunit, human telomerase reverse transcriptase (hTERT), under the conditions in which telomere dysfunction was observed (Fig. 1B) . Moreover, it was reported that AR-inactivation lasting several days is required in order to notice any significant decrease in telomerase activity (43) . Thus telomere dysfunction observed within a few hours of AR inactivation would not have resulted from down-regulation of telomerase activity in Casodex treated LNCaP cells. Furthermore, inhibition of de novo mRNA and protein biosynthesis by actinomycin D and cycloheximide, respectively, does not cause telomere dysfunction nor inhibit the TIF response to Casodex (4). Together, these observations point to a role of AR in telomere stability that is independent of its role as a transcription factor.
Interestingly, telomere aberrations (telomere breakage/fragile telomeres and telomere fusion) caused by AR inactivation in both androgen-sensitive and castration-resistant 22Rv1 cells (Fig. 2) are reminiscent of those that are reported to occur in other cell types with defective shelterin proteins (5) . These shelterin proteins are implicated to play a role in telomere DNA replication or repair. For example, in mouse embryo fibroblasts, TRF-1 knock-out interferes with DNA replication, and disruption of telomere replication leads to telomere breakage and the appearance of multiple telomeric signals at the end of a chromatid (phenotype referred to as fragile telomeres) (15, 44) . Similarly, telomere fusion, which is commonly seen in cells that are defective in DNA repair signaling pathways, is observed in cells that are TRF-2-negative, implicating a role of TRF-2 in DNA repair (14) . These observations raise an intriguing possibility that AR may play a role in telomere DNA replication or repair and that aberrant telomeres in AR-inactivated prostate cancer cells may result from impaired telomere DNA replication or FIGURE 6. ATM inhibitor promotes death of AR-inactivated prostate cancer cells. A, LNCaP cells treated with 0, 10, 25, or 50 M Casodex in the presence or absence of 2 M KU-60019 for 24 h were then washed to remove drugs and allowed to grow for 10 -14 days, then fixed and stained with 0.01% crystal violet as described under "Experimental Procedures." B, area of stained surviving cells in each plate was photographed and measured using the ImageJ program. The survival fraction was plotted relative to control (vehicle); mean Ϯ S.D. of three independent experiments. C and D, 22Rv1 cells were treated for 24 h with 50 M Casodex and/or 2 M KU-60019, then washed to remove drugs and subjected to a colony formation assay and analyzed as described in Fig. 6, A and B ; mean Ϯ S.D. of three independent experiments. *, p Ͻ 0.05;**, p Ͻ 0.01; ***, p Ͻ 0.001.
repair. Consistent with this possibility are the observations that AR co-immunoprecipitates with TRF-1 and TRF-2 (3), AR is associated with telomere DNA (4), and AR is implicated to play a non-transcriptional role in DNA replication (36, 45) and possibly in repair of nuclear DNA (46) . However, it remains to be determined whether AR inactivation interferes with either replication or repair of telomere DNA.
DDR signaling pathways play an intricate role in preserving genomic DNA integrity by sensing DNA damage as and when it occurs and activating repair mechanisms to repair the lesion (7) . It was reported recently that DNA damage caused by ionizing radiation leads to the activation of AR, which in turn induces the expression of DNA repair genes that promote the survival of irradiated prostate cancer cells (47, 48) . Based on these reports, we expected that AR-inactivation would down regulate DDR signaling pathways and block the repair of damaged telomeres. Instead, we observed the opposite: we found a dramatic increase in ATM phosphorylation and Chk2 phosphorylation within 6 h of AR-inactivation or AR-knockdown, and during this period there was no noticeable change in either ATM or Chk2 at the protein level in either LNCaP or 22Rv1 cells ( Fig. 1 ). Activation of DNA repair pathways in AR-inactivated cells is also evident from the detection of aberrant telomeres (Fig. 2) , which result from NHEJ and/or homologous recombination (HR) DNA repair mechanisms (5) . These observations suggest that, at least in the short-term, the repair of damaged telomeric DNA in AR-inactivated cells may not involve AR-dependent transcriptional regulation of DNA repair genes.
We considered the question whether ATM activation in ARinactivated cells may have also resulted from non-telomeric DNA damage. We evaluated this possibility by monitoring the formation of ␥-H2AX foci, which indicate sites of DNA damage, in the context of TIN2 foci, which indicate telomeric regions, in Casodex-treated cells. We found that ␥-H2AX foci were outnumbered by TIN2 foci and almost all ␥-H2AX foci colocalized with TIN2 foci (Figs. 1A and 3B); this indicates that the majority of the DNA damage was localized to telomeres. Similarly, there were fewer pATM foci than TIN2 foci, and almost all pATM foci colocalized with TIN2 foci in Casodextreated LNCaP and 22Rv1 cells (Fig. 1G) ; this indicates that the majority of the DNA damage response to Casodex was localized at telomeres. In addition, in cells treated with Casodex plus ATM inhibitor, triple-immunofluorescence revealed that RPA, which binds to stretches of unrepaired single-stranded DNA (39, 40) , colocalized with 53BP1 (purple foci in Fig. 4C, merge  panel) , and more than 80% of these colocalized foci were confined to telomeres as indicated by their colocalization with TIN2 (white foci in Fig. 4C , "merge" panel); this indicates that the majority of unrepaired DNA was localized at telomeres. Although we cannot completely rule out some DNA damage at non-telomeric sites that may not be readily detectable with the immunofluorescence approaches employed in this study, our data indicate that both DNA damage and the presence of activated ATM (pATM) are confined mostly to telomeres in ARinactivated cells. It is well known that telomere dysfunction represents telomere DNA damage that leads to the activation of ATM and ATR signaling pathways (5) . Likewise, we observed that under conditions in which AR-inactivation caused telomere dysfunction, both ATM and ATR signaling were activated within 6 h of treatment with Casodex ( Figs. 1 and 5 ). It is also well known that activation of ATM/ATR in turn activates cell cycle checkpoints, leading to cell cycle arrest to allow for repair of damaged DNA. Likewise, we observed that treatment with Casodex for no more than 24 h was sufficient to cause marked enrichment of LNCaP cells in G 2 /M phase (Fig. 5B) , indicating G 2 /M checkpoint activation. G 2 /M checkpoint activation in Casodex-treated cells was confirmed by finding activation of ATR and Chk1 (Fig. 5C ), which promote G 2 /M checkpoint activation (42) . Interestingly, ATM inhibitor KU-60019 abrogated the G 2 /M checkpoint, suggesting that the activation of ATR and Chk1 is downstream of ATM activation in Casodex-treated cells (42) . As failure to repair DNA damage can lead to cell death, activation of ATM/ATR may thereby promote cell survival (7) . Conversely, inhibition of ATM/ATR can block this process and promote cell death (27, 49) . In the present study we show that co-treatment of LNCaP cells with AR antagonist Casodex plus ATM inhibitor KU-60019 decreased cell survival to a much greater extent than did treatment with Casodex alone (Figs. 5 and 6), and this decrease was associated with inhibition of ATM phosphorylation and induction of PARP cleavage (Fig.  3A) .
In summary, as depicted in Fig. 7 , our studies suggest that telomere dysfunction caused by AR-inactivation can lead to the activation of cell cycle checkpoints, which may allow repair of damaged telomeric DNA and cell survival, and that inhibitors of ATM DDR signaling can abrogate cell cycle checkpoint activation and promote death of AR-inactivated prostate cancer cells. Interestingly, ATM-inactivation in normal cells has no untoward consequences (50) . However, inhibitors of ATM/ ATR signaling hypersensitize cancer cells to DNA damaging agents (8) . Therefore, several inhibitors of ATM/ATR signaling pathways are currently in clinical trials to enhance the potency of DNA damaging therapeutic agents, such as radiation or genotoxic drugs that cause DSBs, for the treatment of a variety of cancers (8) . Accordingly, our results imply that inhibitors of 
